Epigallocatechin gallate (EGCG) is the major polyphenol in green tea and the main bioactive compound responsible for the health benefits of tea consumption. The molecule exhibits antimicrobial and anti-inflammatory activities. However, little is known about the molecular mechanisms by which EGCG elicits those activities. In this study, we examined the effects of EGCG on lipopolysaccharide (LPS) endocytosis and LPS-induced NO production. We also investigated the mechanism with focus on the effect of EGCG on interaction between small GTPase Rab5 and caveolin-1. EGCG suppressed endocytosis of LPS and LPS-induced nitric oxide production in mouse macrophage-like cells (RAW 264). EGCG suppressed the Rab5-caveolin-1 interaction and reduced Rab5 activity. The results suggest that EGCG reduced LPS-induced innate immune responses through suppression of LPS endocytosis by interfering with Rab5-caveolin-1 interaction and by reducing Rab5 activity.
Epigallocatechin gallate (EGCG) is the most abundant catechin in green tea. EGCG has anti-inflammatory, anti-viral, anti-carcinogenic and anti-oxidant activities and may prevent oxidative damage in many organs, including the heart, kidney, lungs and spleen (14, 18) . However, little is known about the molecular mechanisms by which EGCG exhibits such activities. Rab5 is a small GTPase localized to early endosomes. It regulates the transport of endocytic vesicles and fusion of early endosomes (17, 24) . The GTP-bound form of Rab5 is the active form in membrane fusion, and expression of a constitutively active mutant (Rab5Q79L) in cells induces formation of giant endosomes in the cell (22) . The GDP-bound form of Rab5 is the inactive form, and expression of a dominant-negative mutant (Rab5S34N) is localized to the cytosol, ubiquitously (15) . Activation of Rab5 is facilitated by guanine nucleotide exchange factors (GEFs), whereas inactivation of Rab5 is accelerated by GTPase-activating proteins (GAPs) (21) . Caveolae are specialized lipid rafts that have various signaling functions (3) . They are found in a variety of cell types, especially endothelial cells, but none exists as classical invaginated caveolae in neuronal tissues (20) . Caveolin-1 is a 25-kDa protein and is a principal component of caveolae membranes. It has been reported that caveolin-1 is important for caveolae-dependent endocytosis (20) . A recent study showed that caveolin-1 interacts with Rab5 and activates Rab5 through direct interaction during caveolae-dependent endocytosis (10) . Lipopolysaccharide (LPS), a membrane protein of gram-negative bacteria, induces secretion of large amounts of several proinflammatory cytokines and proteinases from host cells such as macrophages and evokes inflammation (19) . LPS triggers an innate immune response and induces shock in the body (19) . taining 1% Triton X-100, and then centrifuged at 10,000 × g for 20 min at 4°C. Signal intensity of the supernatants was measured using SpectraMax M3 (Molecular Devices).
Measurement of NO.
Monolayers of RAW 264 cells were preincubated with serum-free DMEM without phenol red for 1 h at 37°C in 96-well plates. The cells were subsequently incubated with 100 ng/mL LPS (Sigma-Aldrich, Buchs, SG) and 100 μg/mL EGCG for 6 h at 37°C. The cells were then incubated with 10 μM Diaminofluorescein-2 (DAF-2) (Sekisui Medical Co., Ltd., Tokyo), a sensitive fluorescent indicator for the detection of NO, for 1 h at 37°C. Fluorescence intensity of the media was measured using SpectraMax M3 (Molecular Devices, Sunnyvale, CA).
Measurement of Rab5-caveolin-1 interaction by
FRET. HEK293 stable cell lines expressing YFPRab5 and CFP-caveolin-1 were washed four times with ice-cold PBS, collected with ice-cold PBS, homogenized with PBS, and then centrifuged at 10,000 × g for 20 min at 4°C. The supernatant was added to 96-well black plates with or without EGCG. FRET efficiency of the cell lysate was measured using SpectraMax M3 (Molecular Devices).
Immunoprecipitation. HEK 293 cells were treated with EGCG and lysed for 30 min at 4°C with a buffer (10 mM Tris, pH 7.6, 150 mM NaCl, 5 mM MgCl 2 , 1% NP-40, 0.5 μg/mL leupeptin, 2 μg/mL aprotinin, and 10 μg/mL PMSF). The clarified lysates were incubated with anti-caveolin-1 antibody for 2 h at 4°C. The immune complexes were precipitated with protein A-Sepharose beads (Millipore) for 2 h at 4°C and then washed extensively with lysis buffer. The protein A-Sepharose beads were resuspended in SDS sample buffer and assayed by Western blotting.
GST-R5BD pull-down assay. The GST-R5BD pulldown assay was based on the method described by Liu et al. (16) . HEK 293 cells transfected with GFP-Rab5 wild were treated with 100 μg/mL EGCG for 2 h and then washed twice with PBS and lysed for 5 min in 1 mL of a lysis buffer (25 mM HEPES, pH 7.4, 100 mM NaCl, 5 mM MgCl 2 , 0.1% NP-40, 2% glycerol, and protease inhibitor). The cell extracts were clarified by centrifugation at 10,000 × g for 5 min at 4°C, and the supernatants were incubated with 20 μL of GST-R5BD bound to GlutathioneSepharose 4B beads for 20 min at 4°C with rotation.
In this study, we investigated the effect of EGCG on cellular responses to LPS in cultures. EGCG suppressed LPS endocytosis and LPS-induced NO production. We revealed that EGCG decreased Rab5-caveolin-1 interaction and reduced Rab5 activity. Our results suggest that EGCG suppresses endocytosis of LPS by decreasing Rab5-caveolin-1 interaction, thereby suppressing LPS-induced NO generation.
MATERIALS AND METHODS
Specimens. Epigallocatechin gallate (EGCG) was purchased from Sigma-Aldrich (St. Louis, MO).
Antibodies. Antibodies were obtained from the following sources: anti-mouse Rab5 and anti-mouse caveolin-1 (BD Bioscience, Tokyo), anti-rabbit caveolin-1 (Santa Cruz, Dallas, TX), and anti-mouse GFP (anti-mouse YFP) (Novus Biologicals, Littleton, CO).
Vector constructs. YFP-Rab5, YFP-Rab5S34N, YFPRab5Q79L and GFP-Rab5 wild in pcDNA3 and CFP-caveolin-1 in pCDNA3.1 constructs were kindly provided by Dr. Y. Yamamoto (Tokyo University of Agriculture, Tokyo) (8-10). The GST-R5BD vector was a kind gift from Dr. G. Li (University of Oklahoma Health Science Center, Oklahoma City, OK) (16) .
Stable transformed cells.
Human embryonic kidney 293 (HEK293) cells that stably express YFP-Rab5 and CFP-caveolin-1 were obtained using Lipofectamine 2000 (Invitrogen Co., Carlsbad, CA) according to the manufacturer's instructions. HEK293 cells and HEK293 stable cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) (Wako Pure Chemical Industries, Ltd., Osaka) supplemented with 10% fetal bovine serum (FBS), 1% penicillin, and 1% streptomycin. Cells were observed by confocal fluorescence microscopy (Carl Zeiss Microscopy GmbH, Gottingen, Germany).
Endocytosis assay. To measure the endocytosis of LPS, mouse macrophage-like cells (RAW 264) were pre-incubated with DMEM without a pH indicator, phenol red, for 1 h at 37°C in 24-well plates and then incubated with 10 μg/mL LPS Alexa Fluor 568 (Invitrogen) diluted with DMEM without phenol red for 1 h at 37°C or 4°C to measure the background level of uptake (negative control). After incubation, the cells were collected with ice-cold PBS, washed eight times with ice-cold PBS, lysed with PBS con-is locked in an active GTP-bound conformation (15, 22) . Rab5S34N is a dominant-negative mutant, because it is defective in GTP binding and is either in a nucleotide-free or guanosine diphosphate (GDP)-bound conformation (15) . In addition, caveolin-1 interacts with Rab5 and regulates Rab5 activity (10) . Therefore, we used HEK293 cells expressing YFPRab5Q79L-CFP-caveolin-1, YFP-Rab5wild-CFP-caveolin-1, and YFP-Rab5S34N-CFP-caveolin-1 and examined the effect of EGCG on the interaction between Rab5 and caveolin-1 in the cells. To investigate the expression of YFP-Rab5 and CFP-caveolin-1 in the three HEK293 cell lines, we first performed Western blotting for these molecules. All of the HEK293 cells stably expressed YFP-Rab5 (Q79L, wild or S34N) and CFP-caveolin-1 (Fig. 3) . We also examined the localization of YFP-Rab5 and CFPcaveolin-1 in the HEK293 stable cells by confocal fluorescence microscopy. YFP-Rab5Q79L and YFPRab5 (wild) colocalized with CFP-caveolin-1, while YFP-Rab5S34N did not colocalize with CFP-caveolin-1 (Fig. 4A) . Results of FRET analysis showed that the signal intensity (YFP/CFP) in cells expressing YFP-Rab5Q79L and CFP-caveolin-1 was higher than that in cells expressing YFP-Rab5wild and CFP-caveolin-1, whereas the signal intensity in cells expressing YFP-Rab5S34N and CFP-caveolin-1 was lower than that in cells expressing YFP-Rab5wild and CFP-caveolin-1 (Fig. 4B) . Based on results shown in Figs. 3 and 4 , we next examined the effect of EGCG on interaction between YFP-Rab5 and CFP-caveolin-1. Results of FRET analysis showed that EGCG reduced the YFP/ CFP emission ratio, indicating a decrease in YFPRab5 and CFP-caveolin-1 interaction (Fig. 5A) . ReThe beads were subsequently rinsed with lysis buffer, resuspended in SDS sample buffer, and then analyzed by Western blotting.
RESULTS

EGCG suppresses LPS endocytosis and LPS-induced nitric oxide production
LPS must be internalized to facilitate endotoxindependent signal activation in cells (13) . Therefore, we examined the effect of EGCG on LPS endocytosis in cells. RAW 264 cells were incubated with 10 μg/mL LPS Alexa Fluor 568 in the presence or absence of 100 μg/mL EGCG for 1 h. Then intracellular LPS was measured by a fluorometer. As shown in Fig. 1 , EGCG suppressed LPS endocytosis in RAW 264 cells. We next examined the effect of EGCG on LPS-induced innate immune response after its internalization. Nitric oxide (NO) is a mediator of innate immune response, and LPS stimulation increases production of NO in RAW 264 cells (13) . Therefore, we examined LPS-induced NO production in cells with DAF-2, a sensitive fluorescent indicator for the detection of NO. As shown Fig. 2 , EGCG inhibited production of NO by stimulation with LPS in RAW 264 cell cultures.
EGCG interferes with Rab5-caveolin-1 interaction
Rab5 is a crucial molecule for the formation of an early endosome (24) . Rab5 switches between two distinct conformations, an active state characterized by binding to GTP and an inactive state bound to GDP (20) . Rab5Q79L is a constitutively active mutant, because it is defective in GTP hydrolysis and it Fig. 1 Effect of EGCG on endocytosis of LPS. RAW 264 cells were incubated with 100 μg/mL EGCG and 10 μg/mL LPS Alexa Fluor 568 for 1 h. Signal intensity of the cell lysate was analyzed with a microplate reader. Each value in the graph is the mean ± SD of three independent experiments. *P < 0.05 Fig. 2 Effect of EGCG on LPS-induced NO production. RAW 264 cells were incubated with 100 μg/mL EGCG and 100 ng/mL LPS for 6 h. NO generation was measured with DAF-2. Each value in the graph is the mean ± SE of three independent experiments. *P < 0.05
DISCUSSION
Our results show for the first time that EGCG decreased endocytosis of LPS and LPS-induced production of NO by reducing Rab5-caveolin-1 interaction and Rab5 activity. First, we examined the effect of EGCG on LPS endocytosis in RAW 264 cells. As shown in Fig. 1 , EGCG suppressed LPS endocytosis in RAW 264 cells. EGCG suppressed LPS endocytosis dose-dependently (data not shown). We analyzed the interaction between Rab5 and caveolin-1 by using the FRET technique. Results of FRET analysis showed that EGCG reduced the YFP/CFP sults of immunoprecipitation using anti-caveolin-1 antibody showed that EGCG also suppressed Rab5-caveolin-1 interaction (Fig. 5B) . Caveolin-1 binds to the active form of Rab5 and increases Rab5 activity. Therefore, to determine whether EGCG reduces Rab5 activity, we performed a GST-R5BD pull-down assay and measured the level of the active form of Rab5 after treatment with EGCG. As shown in Fig. 5C , Rab5-GTP was decreased by treatment with EGCG. These results suggest that EGCG interferes with the interaction of Rab5 with caveolin-1 by reducing Rab5 activity. emission ratio, indicating a decrease in YFP-Rab5 and CFP-caveolin-1 interaction. However, we did not clarify whether EGCG directly acts on these molecules or not, because numerous molecules exist in the lysates besides Rab5 and caveolin-1. It has been reported that EGCG directly binds to various plasma proteins including fibronectin, fibrinogen and histidine-rich glycoprotein, Fas, laminin and the 67-kDa laminin receptor, vimentin ZAP-70, Fyn, insulin-like growth factor-I receptor (IGF-IR), and glucose-regulated protein 78 (GRP-78) (6, 7, 12, 18) . Thus, EGCG may inhibit Rab5-caveolin-1 interaction via one or more of those proteins. Further studies are needed to determine the manner of EGCG interference with Rab5-caveolin-1 interaction. EGCG inhibited endocytosis of LPS by simultaneous addition of EGCG and LPS (Fig. 1) ; however, we have no evidence that EGCG directly binds to LPS. Although we speculate that EGCG inhibits Rab5-caveolin-1 interaction and thereby suppress LPS endocytosis, it is also possible that EGCG directly interferes with LPS binding to the receptor. We will address to this possibility in future studies. In this study, we investigated the effect of EGCG in cell cultures but not in vivo. A recent study has shown that EGCG suppresses melanoma growth by HEK 293 cells were treated with 100 μg/mL EGCG for 2 h. Endogenous caveolin-1 in the cell lysates was then immunoprecipitated with an anti-caveolin-1 antibody. Caveolin-1 and Rab5 in the immunoprecipitates were assayed by Western blotting using specific antibodies to caveolin-1 and Rab5. The immunoprecipitated caveolin-1 levels were almost the same with and without EGCG. However, immunoprecipitaed Rab5 level of ECGG (+) was decreased compared with that of ECGG (−). (C) HEK 293 cells were transfected with GFP-Rab5. The cells were treated with 100 μg/mL EGCG for 2 h and then lysed and subjected to a GST-R5BD pull-down assay. GST-R5BD-bound beads and lysates were assayed by Western blotting with anti-GFP antibody. The total GFP-Rab5 level in the lysate of ECGG (+) was almost the same as that in the lysate of ECGG (−). However, GFP-Rab5-GTP level of ECGG (+) was decreased compared with that of ECGG (−). Rab5-GTP levels were normalized to total GFP-Rab5 levels and quantified using Image J. Each value in the graph is the mean ± SD of three independent experiments. **P < 0.01 inhibiting inflammasome and IL-1β secretion in a mouse cancer (5) . It has been also shown that EGCG down-regulated the mRNA expression of iNOS, MCP-1 and pro-apoptosis genes and protected testicular seminiferous tubules against ischemia/reperfusion-induced inflammation in the murine testis (1). Furthermore, EGCG has been shown to inhibit EBV-induced B lymphocyte transformation via suppression of RelA acetylation in vivo (4) . Therefore, anti-inflammatory effects of EGCG as shown in this study may also be observed in vivo. It has been reported that LPS increases the production of NO (3, 11, 13) . In this study, EGCG inhibited endocytosis of LPS (Fig. 1) and LPS-induced NO production (Fig. 2) . A recent study showed that bacteria-induced production of NO is regulated by endocytosis of bacteria (8) . It may be that EGCG inhibits LPS endocytosis and thereby modulates LPS-induced NO generation. Excess NO production followed by iNOS mRNA induction has been shown to augment inflammatory responses and to contribute to the pathogenesis of various diseases, including inflammatory diseases. Therefore, our results raise the possibility that EGCG has beneficial features such as prevention of diseases that involve excessive NO release. In fact, it has been demonstrated that EGCG is beneficial for prevention of and/or therapy for various diseases such as cardiovascular disease, cancer, Parkinson's disease, Alzheimer's disease, cerebral stroke and metabolic diseases (23) . In summary, our results revealed that EGCG reduced LPS-induced innate immune responses through suppression of LPS endocytosis by interfering with Rab5-caveolin-1 interaction and by reducing Rab5 activity. Our results suggest that Rab5 and caveolin-1 are molecular targets of EGCG.
